The quantum-chemical treatment of prenucleation clusters consisting of atmospheric nucleation precursors is critically important for the understanding of the molecular nature of atmospheric nucleation. In the present study, the influence of ammonia on the thermochemical stability of positively charged pre-nucleation clusters has been studied using the Density Functional Theory (DFT). The formation of binary (NH
Introduction
Atmospheric particles influence the Earth climate indirectly by affecting cloud properties and precipitation. At the present time, the aerosol indirect radiative forcing is a major source of uncertainties in understanding the climate change of the past century and predicting future climate. New particle formation is an important source of atmospheric aerosols (Kulmala et al., 2004; . Despite the negligible contribution to the total mass of the particulate matter, secondary particles usually dominate the particle number concentration of atmospheric aerosols and cloud condensation nuclei (CCN). The production of secondary particles is also linked to the public health because high concentrations of ultrafine (secondary) particles associated with traffic observed on and near roadways lead, according to a number of recent medical studies, to adverse health effects. A critical importance of the clear understanding and insight of the molecular nature of atmospheric nucleation for the quantitative assessment of the climate-related, health and environmental impacts of atmospheric aerosols is well established.
A strong acid at the limit of super-acidity, the sulfuric acid is the key atmospheric nucleation precursor, whose involvement in atmospheric nucleation is commonly accepted. However, the incapability of binary sulfuric acid-water homogeneous nucleation to explain the nucleation events frequently observed in the lower troposphere holds the nature of atmospheric nucleation as an unrevealed mystery. The relatively well-studied atmospheric nucleation mechanisms include: (a) binary homogeneous nucleation (BHN) of H 2 SO 4 and H 2 O Yu., 2007) ; (b) ternary homogeneous nucleation (THN) of H 2 SO 4 -H 2 O-NH 3 (Napari et al., 2002; Yu, 2006a) ; (c) ion-mediated nucleation (IMN) of H 2 SO 4 -H 2 O-Ion (Yu and Turco, 2000; Lovejoy et al., 2004; Yu, 2006b) ; and (d) organics-enhanced nucleation H 2 SO 4 -H 2 O-organics (Zhang et al., 2004; Nadykto and Yu, 2007) . Although ammonia, the cornerstone of the THN, is considered as a principle stabilizer of H 2 SO 4 -H 2 O clusters since 1990s, its actual role in the atmospheric nucleation remains controversial (Yu, 2006a) . NH 3 is well known as an efficient neutralizer of sulfuric acid solutions and in situ chemical composition measurements indicate enhanced concentrations of ammonium and sulfate in the freshly nucleated nanoparticles (6-15 nm diameter range) observed in Atlanta, Georgia (Smith et al., 2005) . Nevertheless, the efficiency of NH 3 as a stabilizer of small H 2 SO 4 -H 2 O clusters and a catalyst of the binary homogeneous nucleation is yet in question (Yu, 2006a) . Classical bulk-liquid model of THN (Napari et al., 2002) faces critical difficulties in predicting the effect of ammonia on nucleation rates. While NH 3 at ppt level is predicted (Napari et al., 2002) to enhance the binary nucleation by up to ∼30 orders of magnitude, the enhancement in the nucleation rates measured in the laboratory studies (e.g. Ball et al., 1999; Kim et al., 1998; Christensen et al., 1992) does not exceed ∼2 orders of magnitude (Yu, 2006a) . The shortcomings of the work by Napari et al. (2002) have been recently corrected by Merikanto et al. (2007) . Although the contribution of THN to the formation of new particles in the boundary layer is likely to be small (Yu, 2006a; Merikanto et al., 2007; , the possible effect of ammonia on ion-mediated nucleation is unknown and remains to be investigated (Yu, 2006a, b) . Thermochemical information about how ammonia may be involved in the pre-nucleation clusters is needed to confidently assess the role of ammonia in nucleation.
In contrast to neutral (e.g. Nadykto and Yu, 2007; Kurten et al., 2007a, b; Nadykto et al., 2008a) , and, at lesser degree, negatively charged (Ortega et al., 2008 , Nadykto et al., 2008b binary and ternary clusters investigated in some detail in the past, positively charged ionic clusters containing sulfuric acid, ammonia and water are not well studied and the effect of ammonia on their formation is yet to be understood. The thermochemistry of ternary clusters/complexes is controlled by three key parameters: hydration strength and affinities of ammonia and sulfuric acid to binary clusters. The thermochemistry of (NH + 4 ) hydration has been studied by both ab initio, DFT and composite methods (Jiang, 1999; Piccard et al., 2005) ; however, the effect of the sulfuric acid on (NH + 4 )(H 2 O) n stability is yet to be studied. In the present paper, the structure, properties and thermochemical stability of (NH + 4 )(H 2 SO 4 )(H 2 O) n and (NH + 4 )(H 2 O) n (n=1-6) clusters have been studied using the Density Functional Theory, focusing on the affinities of the sulfuric acid, ammonia, and water to positively charged prenucleation clusters and the formation of positively charged ternary clusters by the addition of ammonia. New thermochemical data, which can be utilized to constrain nucleation models, have been reported. The ratio of equilibrium concentrations of ternary (ammonized) and binary clusters containing different number of water molecules have been calculated and atmospheric implications of the obtained results have been discussed.
Computational details
The Density Functional Theory (DFT) at PW91PW91/6-311++G(3df.3pd) level has been applied to obtain the equilibrium geometries and to calculate the thermochemical properties of (NH
The previous applications of the PW91PW91 method to clusters composed of atmospheric species have shown that the aforementioned density functional is capable of providing good geometries, excellent vibrational frequencies and quite accurate free energies (Nadykto et al., 2006 (Nadykto et al., , 2008a Kurten et al., 2006 Kurten et al., , 2007a Ding et al., 2003; Lewandowski et al., 2005) . The PW91PW91 density functional has been used in the combination with the largest Pople basis set 6-311++G(3df,3pd) providing quite small basis set superposition error (BSSE) (e.g. Muller et al., 2004; Kurten et al., 2006) . Initial generated structures were first treated by semiempirical PM3 method and then by PW91PW91/6-31+G*. Finally, the most stable (within ∼4 kcal/mole from the lowest energy isomer) structures have been optimized at PW91PW91/6-311++G(3df,3pd) level of theory. Input structures of (NH + 4 )(H 2 O) n were build using the most equilibrium geometries obtained in Piccard et al. (2005) and Jiang (1999) . Figure 1 presents the equilibrium geometries of most stable isomers of (NH + 4 )(H 2 SO 4 )(H 2 O) n (n=1-6) obtained at PW91PW91/6-311++G(3df,3pd) level of theory.
For the analysis presented in Sect. 3, the data for (H 3 O + )(H 2 O) n and (H 3 O + )(H 2 SO 4 )(H 2 O) n were adopted from Nadykto et al. (2006) and Nadykto et al. (2009) , respectively.
Results and atmospheric implications
The explicit kinetic modeling of the evolution of atmospheric pre-nucleation clusters requires the detailed information on the thermochemistry of clusters that present in the condensable vapor mixture.
The composition of the condensable vapor mixtures in the planetary atmosphere is not limited to the well-studied binary and ternary neutral clusters. Different ionic forms of unary water clusters are also present in the atmosphere. Table 1 and Fig. 2 present the comparison of the stepwise changes in hydration enthalpies and Gibbs free energies associated with the formation of (NH
As seen from Table 1 and Fig. 2 , the protonation of ammonia has a profound effect on the stability of hydrates containing the sulfuric acid. The hydration free energies for clusters containing protonated ammonia are ∼2-8 kcal mole −1 more 
Fig. 2.
Stepwise Gibbs free energy changes associated with hydration formation of (NH
2-4 kcal mole −1 and 1.5-14.5 kcal mole −1 stronger than that of (NH
It is important to note that the difference in the hydration free energies for clusters formed over different core ions decreases quickly with the hydration number, reaching ∼−4.5 kcal mole −1 at n=5.
The thermochemistry of the sulfuric acid, the key atmospheric nucleation precursor, is critically important for the assessment of the efficiency of ions as nucleation agents. Table 2 shows the comparison of the enthalpies and Gibbs free energies associated with the formation of (NH O) n formation is less than 4 kcal mole −1 for monohydrates and it drops to <0.5 kcal mole −1 at n=5. On average the affinity of the sulfuric acid to protonated ammonia clusters does not exceed that of sulfuric acid to binary sulfuric acid-water clusters. It should be noted that our calculated affinity of sulfuric acid to (H 3 O + )(H 2 O) n for n>2 is ∼2-4 kcal/mol less negative than the corresponding values given in Froyd and Lovejoy (2003) . The reason behind the difference remains to be studied. Table 3 presents the enthalpy and Gibbs free energy changes associated with ( O) n (from previous studies). The affinity of ammonia to positively charged, negatively charged, and neutral sulfuric acid clusters differ significantly. While hydration number (n) has small effect on the affinity of ammonia to neutral and negatively charged clusters, it has much stronger effect on the affinity of ammonia to positively charged cluster. The affinities of ammonia to positively charged clusters are much higher than those to neutral and negative clusters of similar composition, and the difference for n=0-5 reaches 7-25 kcal mole −1 and 13-34 kcal mole −1 , respectively. Based on the thermochemical quantities presented above, we can calculate the abundance of charged and neutral clusters containing ammonia under typical atmospheric conditions. Figure 4 presents the equilibrium concentration ratios of ternary (ammonized) and binary clusters containing different number of water molecules under two sets of atmospheric conditions (T =295 K, [NH 3 ]=1 ppb and T =270 K, [NH 3 ]=0.1 ppb). It is clear from Fig. 4 that the hydrated negative monomers of the sulfuric acid contain no ammonia and that less than ∼0.1% of neutral hydrated sulfuric acid monomers contain ammonia, which are consistent with previous studies of Kurten et al. (2008a, b) and Ortega et al. (2008) . In contrast, most of positively charged hydrated sulfuric acid monomers appear to be ammonized under the given conditions. It is important to note that the ratio of (NH 4 ) + (H 2 SO 4 )(H 2 O) n+1 to (H 3 O) + (H 2 SO 4 )(H 2 O) n decreases significantly with the hydration number. Figure 4 gives the relative abundance of ternary and binary clusters. To assess the implications to atmospheric nucleation, it is important to know that absolute concentrations of clusters under atmospheric conditions. Figure 5 shows the equilibrium concentrations of (H 2 SO 4 )( and (NH 4 ) + (H 2 SO 4 )(H 2 O) n under two atmospheric conditions, calculated based on the thermodynamic data presented in Tables 1-3. It is clear from Fig. 5 that ∼10 3 cm −3 out of 10 7 cm −3 sulfuric acid momoners contain ammonia, consistent with the ratios shown in Fig. 4 Lovejoy (2003) that water tends to displace sulfuric acid from small protonated sulfuric acid-water clusters.
The low concentrations of positive sulfuric acid-water cluster ions (with H 3 O + or NH + 4 core ions) suggests that growth of small positive ions by uptaking H 2 SO 4 molecules may be insufficient. However, long-term (3 years) ion mobility measurements in the boreal forests show significant growth of both positive and negative ion clusters during the nucleation periods in many of nucleation event days (Hirsikko et al., 2007) . These nucleation events and hence growth of small ions have been shown to be closely associated with the increase in H 2 SO 4 vapor concentrations during the nucleation periods . The observed growth of positive ions reported in Hirsikko et al. (2007) 4 molecules to ammoniated and un-ammoniated water proton clusters may change substantially for ion clusters containing more than 6 water molecules.
Based on the thermodynamic properties presented in Table 2, the presence of ammonia does not have a substantial impact on the affinity of sulfuric acid to the small clusters, the key parameter controlling atmospheric nucleation. Nevertheless, the presence of ammonia in small positive ions and the high concentrations of (NH 4 ) + (H 2 O) n may have important implications for atmospheric nucleation because neutral clusters resulting from the recombination of positive and negative cluster ions, an important nucleation channel , may be ternary rather than binary and, thus, more stable. To properly assess the effect of ammonia on ionmediated nucleation, further thermochemical data for the formation of (NH 4 ) + (NH 3 ) a (H 2 SO 4 ) s (H 2 O) n with a>0, s>1, and n>6 are needed.
Summary
In this paper, the effect of ammonia on the formation of positively charged ions composed of atmospheric nucleation precursors has been studied. The present study leads us to the following conclusions:
a) The protonation of ammonia has a profound effect on the stability of hydrates containing the sulfuric acid. The hydration free energies for clusters containing protonated ammonia are ∼2-8 kcal mole −1 more negative than those for (NH 3 )(H 2 SO 4 )(H 2 O) n (n<6). Sulfuric acid-water binary hydrate complexes formed over (H 3 O + ) are bonded stronger than those formed over (NH + 4 ).
b) The presence of ammonia does not have a substantial impact on the affinity of sulfuric acid to the small positive ion clusters.
c) Further research is needed to calculate the affinity of sulfuric acid to positive ions containing >6 water molecules, the effect of small positive ion compositions on sulfuric acid affinity, and to assess the possible effect of ammonia on ionmediated nucleation.
